Consistent with this view, the (partial) loss of the 3Ј Collectively, these data reveal an unanticipated overhang is an early sign of telomere deprotection after involvement of the ERCC1/XPF NER endonuclease in
ERCC1/XPF-deficient cells retain the telomeric overhang after TRF2 inhibition, identifying this complex as ERCC1/XPF also cuts DNA duplexes adjacent to a 3Ј single-stranded DNA flap (de Laat et al., 1998a (de Laat et al., , 1998b the 110 kDa band identified XPF ( Figure 4B ). This interWe had previously speculated that this pathway would action was verified with two unrelated TRF2 sera (#647 require the removal of the telomeric overhang, and preand #508) which both precipitated XPF and its partner liminary evidence had suggested that G-strand over-ERCC1 ( Figure 4C ). As a negative control, TRF1 and hang removal was an active process, implicating a tankyrase 1 were not brought down in the TRF2 immunonuclease ( XPF associated with TRF2 is relatively small ‫%1ف(‬ of the DNA binding domain (TRF2 ⌬B⌬M ) in parallel with a mutant of TRF2 that is DNA binding competent (TRF2 ⌬B ) HeLa XPF was recovered with TRF2; Figure 4C and data not shown), and only a minor fraction of TRF2 seemed (van Steensel et al., 1998). Immunoprecipitates of both versions of TRF2 using an antibody against the tag conto be associated with XPF ( Figure 4D ). The finding that most ERCC1/XPF is not associated with TRF2 (or telotained ERCC1/XPF ( Figure 4F ), indicating that DNA binding by TRF2 is not required for the interaction. In agreemeres) is consistent with photobleaching experiments demonstrating that the majority of ERCC1/XPF migrates ment, the interaction was resistant to 500 mM KCl (data not shown), a condition that abolishes the DNA binding as a separate entity throughout the nucleus (Houtsmuller et al., 1999 et al., 2000) . After this treatment, XPF and ERCC1 showed a pattern of discrete punctate signals, a subset of which colocalized with TRF1 ( Figure 4G ). Control experiments omitting either the ERCC1/XPF antibodies or TRF1 antibody showed that there was no bleed-through from FITC channel to TRITC channel or vice versa (data not shown). Colocalization of ERCC1/XPF with TRF1 was also observed in a second cell line (WI38VA13/2RA), which maintains its telomeres through a telomeraseindependent mechanism. In a subset of these cells, telomeres form large foci containing telomeric DNA, telomeric proteins, and a large number of other factors. ERCC1/XPF colocalized with these elements ( Figure 4H ).
ERCC1
Ϫ/Ϫ MEFs Generate Telomeric DNA-Containing Double Minute Chromosomes Since ERCC1/XPF is present at telomeres, we asked whether the absence of this complex affects telomere structure and function. The effect of ERCC1/XPF on the structure of the telomeric DNA was examined using three independent litters from crosses of ERCC ϩ/Ϫ mice. Genomic blotting of the DNA from fibroblasts derived from littermate embryos showed the expected variability of telomeric restriction fragments but no consistent length change associated with the ERCC1 Ϫ/Ϫ genotype ( Figure 5A ). Furthermore, ERCC1 Ϫ/Ϫ MEFs had singlestranded telomeric overhangs as detected by annealing of a C-strand oligonucleotide to telomeric termini ( Figure  5B ). The G-strand signal was derived from 3Ј overhangs since it was sensitive to digestion with exonuclease I (data not shown). Consistent with the integrity of their telomeric DNA, ERCC1 Ϫ/Ϫ MEFs did not show chromosome end-to-end fusions in metaphase (Figures 2A  and 2C) .
Fluorescence in situ hybridization (FISH) with a telo- telomeres with chromosome internal sites.
Immunoblotting and Immunoprecipitation Experimental Procedures
Immunoblotting was carried out with HeLa nuclear extract ( 
